The polymerase chain reaction was used to amplify genomic DNA and reverse-transcribed RNA from human lymphocytes, using primers derived from conserved regions within the retroviral reverse transcriptase. Sequencing of 33 cloned amplification products revealed that a variety of sequences with similarity to mouse mammary tumor virus, mouse intracisternal A particle, and human endogenous retrovirus K10 were detected with this primer pair. The sequences were divided into six subgroups, with a nucleotide sequence dissimilarity of about 25% between the subgroups. Members within five of the subgroups were most closely related to human endogenous retrovirus K1O and mouse mammary tumor virus, whereas sequences of the sixth subgroup also showed similarity to mouse intracisternal A particle. Ten of the sequences had open reading frames with preference for silent mutations at conserved sites. Southern blot analysis showed that some HML (human endogenous MMTV-like) subgroups (HML-4 and HML-5) were present in a few copies (about 5), whereas others (HML-1 to HML-3 and HML-6) were present in at least 10 to 20 copies per genome. Northern (RNA) blot analysis revealed that several of the subgroups are differentially expressed in human normal tissues. A complex pattern of transcripts from about 12 to 1.4 kb was found in several of the tissues tested. However, the most abundant expression was detected in lung (all subgroups), skeletal muscle (HML-4 and HML-5), placenta (HML-2 and HML-5), and kidney (HML-2, HML-3 and HML-5). Expression of reverse transcriptase sequences in human tissues may have biological consequences. The described sequences are similar to elements which cause carcinoma and are immunoregulatory in mice. It remains to be seen whether human sequences also have such functions.
The polymerase chain reaction was used to amplify genomic DNA and reverse-transcribed RNA from human lymphocytes, using primers derived from conserved regions within the retroviral reverse transcriptase. Sequencing of 33 cloned amplification products revealed that a variety of sequences with similarity to mouse mammary tumor virus, mouse intracisternal A particle, and human endogenous retrovirus K10 were detected with this primer pair. The sequences were divided into six subgroups, with a nucleotide sequence dissimilarity of about 25% between the subgroups. Members within five of the subgroups were most closely related to human endogenous retrovirus K1O and mouse mammary tumor virus, whereas sequences of the sixth subgroup also showed similarity to mouse intracisternal A particle. Ten of the sequences had open reading frames with preference for silent mutations at conserved sites. Southern blot analysis showed that some HML (human endogenous MMTV-like) subgroups (HML-4 and HML-5) were present in a few copies (about 5), whereas others (HML-1 to HML-3 and HML-6) were present in at least 10 to 20 copies per genome. Northern (RNA) blot analysis revealed that several of the subgroups are differentially expressed in human normal tissues. A complex pattern of transcripts from about 12 to 1.4 kb was found in several of the tissues tested. However, the most abundant expression was detected in lung (all subgroups), skeletal muscle (HML-4 and HML-5), placenta (HML-2 and HML-5), and kidney (HML-2, HML-3 and HML-5). Expression of reverse transcriptase sequences in human tissues may have biological consequences. The described sequences are similar to elements which cause carcinoma and are immunoregulatory in mice. It remains to be seen whether human sequences also have such functions.
As much as 5 to 10% of the human genome may consist of elements introduced by mechanisms involving reverse transcription (56) . Two major classes, the retroposons and the retrotransposons, are identifiable in humans (14, 45, 58) . The retroposons include movable elements such as long and short interspersed repeated sequences, whose reverse transcriptase (RT) functions needed for transposition are encoded by the transposons themselves, whereas the sequences of processed pseudogenes and the Alu elements do not themselves encode an RT (2, 56) . The second class of retroelements, the retrotransposons, have a structural organization similar to that of known infectious proviral retroviruses, that is, long terminal repeats, primer binding sites, and internal coding regions with similarity to gag, pol, and env (11, 27, 28) . Their evolutionary history goes back millions of years, as proviral DNAs that are present in humans have been found to be similar to endogenous retroviruses (ERVs) in the primate germ line (4, 31, 49, 53) . Exogenous retroviruses cause diseases ranging from neoplasias to immunodeficiencies (54, 55) . Many of these viruses are similar to endogenous provirus-like sequences in the human genome which are present in several thousands of copies (5, 7) . This finding has led to a search for functions and involvement of human ERVs (HERVs) in human diseases. However, so far no functions have been ascribed to these human elements. Nevertheless, it has been shown that they are not silent components of the genome, since several groups of HERVs are transcriptionally active in both normal and neo-* Corresponding author. plastic cells (reviewed in references 27 and 28; see also references 6, 15, 19, 23, 25, 26, 29, and 35 ).
An ERV known to cause or be associated with disease is the endogenous mouse mammary tumor virus (MMTV). Inheritance of an MMTV provirus results in a high incidence of mammary carcinoma in certain strains of mice (11) . ERVs related to MMTV, HLM-2 (9), NMWV4 (33, 59) , HM16 (12), HERV-K (40), and HLM-25 (20) have been identified in human DNA. The complete nucleotide sequence of one full-length provirus of about 9 kb, HERV-K10 (K stands for lysine tRNA primer binding site) has been determined (43 Plasmid amplification on lysed bacteria was performed as for genomic DNA with the addition of 0.2% Tween 20 in each reaction tube.
Cloning and sequence analysis. About 5 ng of the cDNA and DNA amplification products was cloned by using the TA cloning kit (Invitrogen, San Diego, Calif.). Positive bacterial colonies were lysed in a solution (50 plI) containing 1%
Nonidet P-40, 20 mM Tris-HCI (pH 8.3), and 2 mM EDTA and incubated at 95°C for 10 min. Centrifuged lysates (2.5 [Ll) were used in PCR amplification (see above). Amplified plasmid DNAs with inserts of the sizes expected were spotted on nylon membranes (Hybond N+; Amersham) and hybridized with probes hml-l to hml-6 at 45 and 50°C as described above.
Plasmids were isolated from bacteria by the alkaline lysis method (3, 30) . Sequencing reactions were performed by the dideoxynucleotide chain termination method (47), using the Sequenase version 2.0 kit (United States Biochemicals, Cleveland, Ohio). Labeled fragments were separated on 6% denaturing polyacrylamide gels (1) and exposed to X-ray film (SB 5; Eastman Kodak, Rochester, N.Y.). Sequencing was performed on both strands, using M13 primers.
Computer analysis was done with the PC/GENE programs (Intelligenctics, Mountain View, Calif.), and cluster dendrograms were generated by the CLUSTAL programs (kindly provided by D. Higgins, European Molecular Biology Laboratory, Heidelberg, Germany) (17, 18) . Cluster dendrograms were derived from percent identities between pairs of sequences (Table 4) .
Primers and oligonucleotides. The PCR primer pair ABD POL/ABDPOR has been described previously (35) . These primers correspond to conserved regions within RT of type A, type B, type D, and avian type C retroviruses ( Table 2) . Antisense oligonucleotides hml-1 to hml-6 (Table 1) were derived from conserved regions within but differing between the six HML subgroups (positions of sense strands are underlined in Fig. 1 ). Oligonucleotides were synthesized by Scandinavian Gene Synthesis (Koping, Sweden).
RESULTS
Identification and sequence determination of genomic and cDNA clones similar to HERV-K1O, MMTV, and LAPm. PCR amplification of PBMC cDNA by using a primer pair derived from conserved regions of RT (Table 2) , cloning, and nucleotide sequences from two cDNA clones were reported previously (35) . The clones were 76 and 98% similar to HERV-K10, indicating that the primer pair detected sequences related to the HERV-K family. This primer pair was subsequently used to amplify genomic DNA, and amplification products of the same size as obtained with cDNA as the template (297 bp) were obtained (data not shown). To determine the nucleotide sequences, PCR amplification products of DNA and cDNA were cloned. A total of 150 clones, 105 derived from cDNA and 45 derived from DNA, were isolated. Five cDNA and ten DNA clones were chosen at random for sequencing, which revealed a variety of sequences related to HERV-K and MMTV. The sequences were at this stage divided into four subgroups based on similarity (see below). Oligonucleotide probes hml-l to hml-3 and hml-6 (Table 1) , derived from sequences of the four subgroups, were hybridized to amplified inserts of the 150 clones which were dot blotted on nylon filters (data not shown). Cloned sequences that were not recognized by any of the probes or hybridized weakly were picked for sequencing. Using this approach, we identified sequences representing two new subgroups, HML-4 and HML-5.
Each of the 150 cloned sequences was ascribed to one of the six subgroups identified (Table 3) . Two of the subgroups (HML-2 and HML-3) amplified from both DNA and cDNA made up about 90% of the sequences. Three subgroups [43] ). The published sequences of HM16 (12), MMTV (37), IAPm (36) , and IAPh (42) were included for comparison. Dashes indicate identities, and dots indicate insertions in the sequences compared with HERV-KIO. The origin and length of each sequenced clone are indicated. Sequences differing by three nucleotides or fewer are indicated as similar. The origin and number of sequenced clones similar or identical to a given sequence and, in parentheses, the number of nucleotides differing from that sequence are indicated. Nucleotides encoding a conserved amino acid residue in the exogenous retroviruses (see the legend to Fig. 3 ) are indicated below each section of the alignment. Sequences doubly underlined correspond to the regions where the oligonucleotide probes were chosen (Table 1) (underlined sequences may not be identical to the corresponding probe, as those were constructed to cover all sequences in a subgroup). The similarity between pairs of sequences is given in Table 4 .
VOL. 67, 1993 HUMAN ENDOGENOUS REVERSE TRANSCRIPTASE SEQUENCES 6781 (HML-4 to HML-6) were represented only in cDNA clones comprising a small proportion of the total, whereas one subgroup (HML-1) was represented in a small proportion of the cDNA and DNA clones.
The sequences are shown in Fig. 1 . Members within a subgroup were more than 85% identical (except for HML-2.5 versus HML-2.6 and HML-6.3 versus HML-6.l/HML-6.2), whereas the intersubgroup similarity did not exceed 75% (except for some HML-1 versus HML-2 sequences) ( Table 4 ). All were 54 to 63% similar to MMTV and 52 to 62% to the IAPs. The HML-2 sequences were closely related to HERV-K1O (more than 87Cc). The sequences of HML-4 and HML-5 were distantly related to the rest (less than 71%), and sequences of the HML-6 subgroup shared more identities with the IAPs (58 to 62Cc) than with MMTV (55 to 58%). MMTV were found to be most similar to the HML-l sequences (about 63%).
Sequences of 13 clones were identical or differed by up to three nucleotides (Fig. 1) . Sequences differing by only a few bases could be the result of misincorporations by RT or Taq polymerase (in the case of the cDNA clones) or by Taq polymerase alone (for genomic amplification) (16, 46) and may have been generated from the same target. The previously reported clones 5:30 and 5:28 (35) are closely related to hml-2.1 and hml-3.2, respectively.
A dendrogram based on percent identities (Table 4) is shown in Fig. 2 . The sequences of HM16 and HERV-Kl(O both fall into the HML-2 subgroup. These data are consistent with those obtained by Franklin et al. (15) , who found that both HM16 and HERV-KlO were present in the most predominant group (represented by NMWV1). The other sequences of this subgroup and the sequences of the five other clusters have not been reported previously.
Known type A, B, and D retroviruses contain 244 nucleotides over this region of pol (Fig. 1) . Sequences from each of the subgroups reported here (except HML-4) include members differing from this length. When the nucleotide sequences of the different HML members are translated from reading frames corresponding to ORFs of MMTV and the IAPs (Fig.  3) , those (except hml-3.4) differing from the 244-bp length length f rame
DP-M----QL-H----IKAQ-K-V-A--Q--S-S-A--R--T-VV-G--EF--/ ..N---HKK-KPQ---SV-S--QR-..-VS-S HML-6.3 FP----R-RL-H----IHVH-KL--A--KLS----A--R---W --------. -T--H-K-KPX---SV-S--QR-.. -VSHIAPm -K------RL-H---PI-EQMNLF--V-R---VLSAL-RG-N-----I------.. .S---CPR-RPR------S-
* *** * * **** * * * *** * ***** ** * * * *** * * * * *** *** *** * * * ** * * **** * * * *** * * * * (Fig. 1) . All sequences are comparcd with HERV-Klt) (43) . Hyphens indicate identical amino acids, and gaps are shown with dots. Stars correspond to conserved residues (6 of 6 amino acids) of MMTV (37) , lAPm (36) , IAPh (42) , MPMV (52) , SMRV-H (39) , and RSV (48) , whereas asterisks indicate well-conserved residues (19 have ORFs interrupted by frameshifts or by stop codons. Subgroups HML-1 to HML-4 include altogether 10 members with an ORF, and these could thus be part of a functional RT-coding sequence. However, none of the identified members of subgroup HML-5 or HML-6 could encode a functional RT.
MPMV -K -----RL-Q ------TMVL--A -------VA--QGYLK ----------. . .S---HPS-QKR---SL-ST-F--. .-MQ--SMRV-H -K ----S-RL-Q------K-MV---A--------VA--LNYHK-V -----------HPE-RPY---SV-Q--FQS. . -MP-Y RSV -R-A--SYRL-H-------KLV-F-AV-Q-A-VLSAL-RG---MVL -------S-------R-
The six retroviruses MMTV, IAPm, IAPh, MPMV, squirrel monkey retrovirus H (SMRV-H [39] ), and Rous sarcoma virus (RSV [48] ) share 31 conserved amino acid positions over this region in RT (indicated with stars in Fig. 3 ). There is a correlation between conserved residues of the HML sequences (indicated with asterisks in Fig. 3) with the restriction enzymes indicated and probed with hml-1 to hml-6 acid substitution, compared with MMTV, as measured over the conserved 93 nucleotide and 31 amino acid positions were found to be high (10/1 to 20/1 in members of subgroups HML-1 to HML-3) to relatively high (7/1 to 8/1 in members of subgroups HML-4 to HML-6). The ratios of nucleotide to amino acid substitution over all positions (both conserved and nonconserved residues) were lower for all sequences (2/1 to 4/1). At least over this region of RT, the high frequency of synonymous nucleotide substitutions as opposed to replacement nucleotide substitutions suggests a functionally conserved gene.
Organization of HML sequences in human DNA. Cellular DNA derived from peripheral blood mononuclear cells was digested with restriction enzymes and analyzed by Southern hybridization with probes hml-1 to hml-6 (Fig. 4) . The patterns of hybridization were different for the six probes, and many bands were observed for probes hml-1 to hml-3 and hml-6. The hybridization conditions were determined from the dot blot hybridizations, in which each of the probes hybridized only to clones of one subgroup ( Table 3) .
The most intense hybridization was obtained with probe hml-3: about 15 to 20 bands were visualized with the restriction enzymes used. Probe hml-1 hybridized to about 15 bands of EcoRI-digested DNA, and probe hml-2 hybridized to 10 to 15 restriction fragments in Hindlll and XbaI lanes. Fewer bands Approximate sizes of the transcripts. h The numbers 1 to 6 correspond to probes hml-I to hml-6 (Table 1) . 
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(about five) were observed with probes hml-4 and hml-5. Probe hml-6 hybridized to a large number of fragments. Probe hml-2 hybridized intensively with EcoRI-digested DNA of about 2, 2.7, 3.6, and 4.7 kb. The three smaller fragments recognized by probe hml-2 may be the same as the 2-, 2.9-, and 3.7-kb bands detected by Ono (40) when a HERV-K-derived probe was used for hybridization on EcoRIdigested DNA, suggesting that probe hml-2 detected sequences closely related to the HERV-K family (the HML-2 subgroup in Fig. 1) .
The number of bands detected in human DNA with use of probes hml-1 and hml-3 to hml-5 agreed with the number of clones isolated from these subgroups (Table 3) . However, sequences belonging to subgroup HML-6 were detected in only four of the cDNA clones, whereas a large number of fragments were detected in human DNA. In contrast, subgroup HML-2 contains fewer copies in the human DNA than does subgroup HML-3, but the numbers of clones isolated were approximately the same. A lower degree of homology between the PCR primers and the target regions for some subgroups may account for this discrepancy.
Expression of HML sequences in normal human tissues. Probes hml-1 to hml-6 were hybridized to membrane-bound poly(A)+ RNA of eight different normal tissues. The patterns of hybridization differed among the probes. As shown in Fig. 5 , a strong hybridization was obtained for most probes in lung, but hybridizing transcripts were also visualized in skeletal muscle, placenta, pancreas, and kidney for several probes. A variety of transcripts (most frequently of about 12, 8, 7, and 1.4 kb) were seen in one or several tissues. The results are summarized in Table 5 .
The strongest hybridization was obtained with probes hml-2 to hml-5. Probe hml-2 hybridized to transcripts of about 8 to 9 kb in kidney, lung, and placenta. More abundant were RNAs of about 2 to 7 kb in lung. The most intense hybridization signals detected by probe hml-3 were obtained from pancreas, kidney, and lung. Transcripts detected by this probe were about 12 kb (pancreas, kidney, liver, and lung), 8 to 9 kb (pancreas, kidney, and lung), 3 to 3.5 kb (pancreas and lung), and 1.4 kb (in all tissues). Transcripts of about 2 to 7.5 kb were visualized in a smear of hybridizing RNAs in liver and lung. Probe hml-4 recognized RNA most abundantly in liver (2 to 9 kb) and lung (about 1.4 to 12 kb), but transcripts of about 7 kb were also detected in skeletal muscle. Probe hml-5 detected RNA transcripts of 7 to 9 kb in pancreas, kidney, skeletal muscle, placenta, brain, and heart, about 5 and 3 to 3.5 kb in all tissues, and about 1.4 kb in all tissues except kidney and brain. The strong Northern hybridization signals obtained with probe hml-5 contrasted the weak signal on Southern blots (cf. Fig. 4) .
Probes hml-1 and hml-6 hybridized mainly to lung RNA. For probe hml-1, transcripts of about 1.4 to 7 kb were obtained. Hybridization for probe hml-6 was seen in RNAs at about 2 to 12 kb.
Hybridizations were also performed with the same probes (hml-1 to hml-6) against Clontech Northern blots from another batch (data not shown). The patterns of transcripts detected by the probes were almost the same as those shown in Fig. 5 . However, the strong signal seen in lung with probes hml-1 to hml-4 and hml-6 were weaker on these membranes, whereas all probes hybridized to a smear of RNAs of about 4 to 9 kb in the liver tissue lane. Hybridizations were also performed with a 3-actin probe (Clontech) and the PCR primers that were used in amplification and isolation of all clones. The sense and antisense PCR primers were end labeled and were hybridized to the membranes. Only the RNA strandspecific (antisense-stranded) primer resulted in hybridization to the immobilized RNA, and transcripts of about 8 kb were seen in all tissues. The sense-stranded primer gave no hybridization (data not shown), which eliminates the possibility that the filters were contaminated with DNA. The r-actin probe (Clontech) recognized 2-kb (15) were found in only a minority of the recombinants (their groups 8 and 9 were identified in one recombinant each, and groups 6 and 7 were identified in three recombinants each). We may not have screened enough recombinants. Otherwise, some of the groups detected by Franklin and coworkers (15) could have been, by our definition, in the same subgroup.
The six probes (hml-1 to hml-6; Table 1 ) used for further characterization of the HML sequences were all specified from sequenced PCR-amplified clones. Each of the oligonucleotide probes detected only sequences corresponding to one subgroup, which was determined by dot blot hybridizations in which each of the 150 clones was defined into a specific subgroup (Table 3) . Southern and Northern analyses resulted in different patterns of hybridization for the various probes, which indicates that each of them detects a specific set of sequences.
Southern blots revealed that subgroups HML-l to HML-3 and HML-6 are most frequent in human DNA, whereas the HML-4 and HML-5 sequences are less abundant. All six subgroups are endogenous to human DNA, and together they make up at least 60 to 80 copies per haploid human genome (Fig. 4) (6) . Because of the large number of HML sequences in the human genome and their expression in normal cells, a definition of the pattern of HML sequences in normal cells is necessary if they are to be studied in human disorders. Probes hml-l to hml-6 detected RNAs of different sizes and in different tissues (summarized in Table 5 ). Probes hml-l and VOL. 67, 1993 hml-6 recognized transcripts mainly in lung, whereas the other probes detected RNAs in most tissues tested. However, hml-2 preferentially detected transcripts in kidney, lung, and placenta and hml-3 detected transcripts mainly in pancreas, kidney, and lung, whereas hml-4 hybridized to skeletal muscle, liver, and lung and hml-5 recognized transcripts most strongly in skeletal muscle and placenta. These data show that the sequences of the HML subgroups are differentially expressed in normal tissues. Hormone regulation may be one of several factors influencing the differential expression of these sequences, as has been shown for HERV-K1O (41) . Tissue-specific expression of HERVs has been shown for ERV-3 (21) and for NMWV4 and NMWV9 in breast carcinoma cell lines (15) (23) . In addition, the pattern of expression can differ between normal and malignant cells (6) . Whether this explains our observed variation is unclear.
Large transcripts (8 to 9 kb) were detected by different probes in all tissues except heart. Transcripts of these sizes may represent full-length endogenous proviral transcripts, as has been found in breast carcinoma cell lines and placental tissue (15, 41) . Transcripts of about 12 kb were found in several tissues. These large RNAs could represent full-length retroviral transcripts containing downstream cellular sequences, as has been observed for several ERV transcripts (15, 21, 29, 41) . Transcripts of 5, 3.5, 3, and 1.4 kb were detected in several tissues. Small transcripts were also found by Franklin et al. (15) with several of their probes. To our knowledge, there has been no characterization of small transcripts containing pol sequences.
The expression of these ERV elements may have several functional implications. Transcripts of defective endogenous sequences might recombine with sequences of exogenous or nondefective endogenous retroviruses, resulting in new infectious or oncogenic recombinants. The ability to code for functional Pol proteins may contribute to transposition of these sequences into new locations in the genome, which may lead to insertional activation of cellular genes. Such events have been observed for IAPm in activation of the c-mos proto-oncogene (10) and by L-1 elements in somatic tissues (38) and in the germ line (13, 22) .
The biological significance of the expression of HML sequences and HERVs in general is uncertain. Several murine ERVs, which have been subjected to more detailed analysis than have those of humans, have been shown to be involved in mammary tumor development, in autoimmune diseases, and in immune regulation by clonal stimulation or deletion of T cells mediated by murine retroviral proteins (superantigens) (for a review, see reference 24) . The observation that nucleotide substitutions at positions corresponding to conserved amino acids of type A, type B, type D, and avian type C retroviruses preferentially were synonymous strengthens the supposition that some of them encode an RT, whose function is beneficial either for the host or for the virus. Data presented here show that MMTV-like sequences are extensively and differentially expressed in tissues of healthy humans and may provide a basis for the search of HERV sequences associated with human disorders.
